We show that, after removal of the nascent polypeptide-associated complex (NAC) from ribosomeassociated nascent chains, ribosomes synthesizing proteins lacking signal peptides are efficiently targeted to the endoplasmic reticulum (ER) membrane. After this mistargeting, translocation across the ER membrane occurs, albeit less effi'ciently than for a nascent secretory polypeptide, perhaps because the signal peptide is needed to catalyze the opening of the translocation pore. The mistargeting was prevented by the addition of purified NAC and was shown not to be mediated by the signal recognition particle and its receptor. Instead, it appears to be a consequence of the intrinsic affinity of ribosomes for membrane binding sites, since it can be blocked by competing ribosomes that lack associated nascent polypeptides. We propose that, when bound to a signalless ribosomeassociated nascent polypeptide, NAC sterically blocks the site in the ribosome for membrane binding.
The signal recognition particle (SRP) selects signal sequencebearing ribosomes for targeting to the endoplasmic reticulum (ER) (1, 2) . Even though SRP acts positively to select such ribosomes for targeting, it may also be necessary for cells to possess a mechanism that prevents nascent chains lacking signal peptides from being mistargeted to, and consequently mistranslocated across, the ER membrane. In particular, it seems likely that such mistargeting would otherwise occur given the high affinity of ribosomes for binding sites in ER membranes (3, 4) , which are located near the translocon (5) .
A heterodimeric protein, the nascent polypeptideassociated complex (NAC), was recently purified on the basis of its ability to bind to ribosome-associated nascent polypeptide chains as they are synthesized and is likely to be one of the first cytosolic factors that contacts them (6) . NAC was found to bind to all regions or domains of ribosome-associated nascent chains tested, with the notable exception of fully exposed signal peptides (6) . NAC can therefore serve to ensure that only signal peptides remain available for SRP binding and thus could contribute to the fidelity of translocation.
We now present evidence for an additional and surprising role of the NAC protein. This is that its binding to non-signal regions of nascent chains serves to prevent the mistargeting of ribosomes containing nascent chains to the ER. We found that in the absence of NAC, ribosomes bearing any nascent chain bind to the ER membrane regardless of whether or not the nascent chain contains a signal peptide or bound SRP. This targeting results from the intrinsic affinity of the ribosomes for binding sites at the ER membrane. A fraction of the nascent chains lacking signal peptides brought to the membrane in this manner could subsequently be completely translocated. Purified NAC was able to prevent this inappropriate targeting and translocation, most likely by sterically blocking the membrane attachment site in the ribosome, after it binds to the nascent The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
chains. Both the inappropriate targeting and translocation of signalless polypeptides (in the absence of NAC) are SRP independent.
MATERIALS AND METHODS
In Vitro Transcription and Translation and Isolation of Nascent Chain Complexes. In vitro transcription and translation of truncated mRNAs were as described (7) . Before use, rabbit reticulocyte lysates (8) were centrifuged at 14,000 x g for 3 min. Truncated mRNAs were translated at 26°C for 20 min, a temperature that best preserves the ribosome-nascent chain complexes. After translation, 9 vol of dilution buffer [DB; 40 mM Hepes/0.5 M KOAc/5 mM Mg(OAc)2/2 mM dithiothreitol (DTT), pH 7.5] was added and the ribosomenascent chain complexes were recovered by centrifugation (100,000 rpm, 40 min, 4°C, TLA 100.4 rotor; Beckman) through a 1.5-ml high-salt-containing sucrose cushion [HSS; 0.5 M sucrose in DB supplemented with protease inhibitors (9) and 0.8 unit of RNasin per ,pl (Promega)]. The complexes were resuspended in translation blank buffer (TBB), as described (6), using 0.5 vol of the buffer unit volume of the original translation mixture. Insoluble material was then removed by centrifugation at 14,000 x g for 10 min at 4°C. Recovery of the nascent chains was typically 50-75%. These complexes were free of NAC as assessed by Western blotting (data not shown) or by a photocrosslinking approach (6).
Preparation of Ribosomes. Canine pancreas ribosomes were prepared by puromycin-high-salt stripping (10) of rough microsomes (11) . Yeast ribosomes were prepared from a translation lysate (12) . After pelleting through a 2.0 M sucrose cushion, ribosomes were resuspended in RBB [50 mM Hepes/ 100 mM KOAc/5 mM Mg(OAc)2/2 mM DTT/0.8 unit of RNasin per ,lI/protease inhibitors] containing 1 mM puromycin and 500 mM KOAc and then sedimented through HSS cushions. The ribosomal pellets were resuspended in RBB containing 0.25 M sucrose. All ribosome preparations were free of NAC as judged by Western blotting. Prior to use, ribosomal resuspensions were homogenized and insoluble material was removed by centrifugation at 14,000 x g for 10 min. Molar ratios of competing ribosomes and nascent chains (see Fig. 3 ) were calculated based onA26o readings made in 1% SDS.
Nascent Chain Targeting Assay. Truncated ribosomenascent chain complexes in 0.5 vol of TBB lacking nucleotides and the energy-generating system were incubated with 200 nM NAC or NAC buffer (6) (3, 4) to enable us to measure the contributions of nascent chains and NAC to the ribosome-membrane interaction. The 3' truncated mRNAs lacking stop codons were translated in vitro to generate truncated nascent polypeptide chains that remain stably associated with the ribosomes as peptidyl-tRNAs (7). After purification, these ribosomenascent chain complexes were used as substrates in the ribosome binding assay.
Truncated mRNAs encoding signalless polypeptides corresponding to the N-terminal 76 and 77 amino acids of the bacterial chloramphenicol acetyltransferase (76aaCAT) and the peroxisomal firefly luciferase (77aaffLuc), respectively, as well as the mRNA for a polypeptide corresponding to the first 86 amino acids of the signal peptide-containing preprolactin (86aapPL), were translated in the rabbit reticulocyte lysate translation system. After translation, ribosome-nascent chain complexes were isolated by centrifugation through high-saltcontaining sucrose cushions, which removes the majority of associated cytosolic factors, including NAC (6). These complexes were used as substrates for binding to microsomal membranes that had been stripped of their ribosomes with EDTA and KOAc (11) . Importantly, no SRP was added to the system. Samples were fractionated in sucrose gradients (3, 4) , which were collected in three fractions (Fig. 1A) . Top fractions contained the ER membranes that floated up together with any targeted ribosome-nascent chain complexes, bottom fractions contained free, untargeted ribosome-nascent chain complexes, and middle fractions were devoid of both ribosomes and membranes. Fig. 1A (Left) shows that an approximately equal fraction of each type of nascent chain was targeted to the ER membrane. It is not surprising that the signal peptidecontaining 86aapPL was targeted because it is known that, during in vitro translation in the rabbit reticulocyte lysate system, endogenous SRP binds to the signal peptide and this binding is resistant to high-salt extraction (14) . It is surprising, however, that the ribosome-nascent chain complexes lacking signal peptides (77aaffLuc and 76aaCAT) bound to the membrane to the same extent as those containing the truncated secretory protein, because when they are not subjected to the high-salt treatment only the latter bound to the membrane (Fig. 1B) . Since NAC, which binds to non-signal peptide domains of ribosome-nascent chain complexes, is removed by treatment with the high-salt medium (6), we hypothesized that, ice prior to addition of EDTA/KOAc-stripped rough microsomes (0.3 equivalent/,A) (11) . After incubation for 3 min at 26°C and 5 min on ice, 20-,ul samples were underlaid in discontinuous sucrose gradients and centrifuged. The gradients were fractionated and, after trichloroacetic acid precipitation, the nascent chain content of each fraction was analyzed by SDS/PAGE (15% acrylamide gels), followed by fluorography. Top fractions (T) contained the membranes with bound ribosome-nascent chain complexes; bottom fractions (B) contained free, untargeted ribosomes.
The distribution of aTRAP, a marker for rough ER membranes (26) , assessed by Western blotting is shown. (B) 77aaffLuc ribosome-nascent chain complexes are not targeted to the ER membrane if they are prepared under conditions that do not strip NAC from the nascent chains. 77aaffLuc (lanes 1-3) and 86aapPL (lanes 4-6) ribosome-nascent chain complexes were prepared as usual except that the dilution buffer and the sucrose cushions contained 100 mM KOAc (low salt) rather than 500 mM KOAc. The complexes were incubated with membranes, fractionated, and analyzed exactly as in A. T, top fraction; M, middle fraction; B, bottom fraction. (C) 77aaffLuc ribosome-nascent chain complexes targeted to the ER membrane in the absence of NAC become bound -by a high-salt-resistant linkage. After incubation of 77aaffLuc or 86aapPL containing ribosome-nascent chain complexes with membranes as inA, samples were adjusted, as indicated, to high salt (HS; 0.5 M KOAc) prior to flotation or kept as controls at the usual low salt (LS; 100 mM KOAc) concentration. The bottom layers in the gradients contained the same salt concentrations as the samples. After centrifugation for 80 min, the gradients were fractionated as inA. The elevated salt concentration slightly altered the flotation of the membranes (data not shown). Lanes Proc Fig. 1A (Right) shows that this is, indeed, the case. The addition of NAC prevented targeting to the membrane of ribosome-nascent chain complexes that lack signal peptides (76aaCAT, 77aaffLuc) but not of those complexes with chains that do contain a signal (86aapPL).
Whereas nonprogrammed ribosomes can readily be extracted from microsomal membranes with high salt, the binding of ribosomes containing nascent chains of secretory proteins is known to be resistant to salt extraction (13, 15) . Fig. 1 C shows that for both salt-stripped 77aaffLuc-and 86aapPL-containing complexes, significant and approximately equal fractions of targeted nascent chains were resistant to high-salt extraction. Therefore, by this criterion, in the absence of NAC, the strength of the association of the two types of ribosomenascent chain complexes with the membrane appears to be equivalent.
We next determined to what extent the nascent chains targeted in the absence of NAC could be translocated across the ER membrane. Translocation of the signal-containing 86aapPL was assessed by the appearance of a lower molecular weight band that results from signal peptide cleavage, whereas translocation of the signalless 77aaffLuc was assessed by the appearance of a band of lower electrophoretic mobility that results from N-glycosylation (6). Fig. 1D demonstrates that, as previously reported (6), upon release from the ribosomes with puromycin, both types of nascent chains targeted in the absence of NAC were translocated. It should be noted, however, that although in the absence of NAC roughly equal proportions of 86aapPL and 77aaffLuc ribosome-nascent chain complexes became associated with the ER membrane (see Fig. 1A ), the extent of translocation across the membrane was considerably more efficient (-10-fold) when a signal peptide was present, a fact consistent with the idea that the signal peptide functions in gating the translocation pore (16, 17) . The translocation of the 77aaffLuc depended on the ribosome bringing the nascent chain to the ER, for if the nascent chain was released from the ribosome with puromycin prior to addition of the microsomes, no translocation occurred (Fig. 1D, lane 1) . As expected from the effect of NAC on ribosome binding, restoration of NAC to the ribosomenascent chain complexes before addition of the membranes prevented translocation of the 77aaffLuc but not of the 86aapPL (lanes 3 and 5) .
Thus, NAC is sufficient to prevent mistargeting of ribosomes and the resultant mistranslocation. This function is likely to be specific for NAC, as the translocation of 77aaffLuc still occurred in the presence of a cytosol that was depleted of NAC by heparin chromatography (Fig. 1E ) as described (6) .
Translocation of Proteins Lacking Signal Peptides Can
Proceed Independently of SRP. The targeting and resultant translocation of nascent chains lacking signal peptides, just described, occurred in the absence of added SRP. In fact, Fig.  2A shows that the addition of SRP to a reaction mixture containing salt-stripped ribosome-nascent chain complexes and SRP-depleted microsomes-i.e., rough microsomes treated with puromycin and high salt (10) (14) as indicated. All samples received 0.1 equivalent of SRP-depleted rough microsomes per ,ul that were prepared by high-salt and puromycin stripping (10) . Lane 5, sample received 20 nM SRP (18) and was then incubated for 5 min at 26°C prior to addition of the stripped rough microsomes. Samples were incubated for 5 min at 26°C followed by puromycin treatment as described in the legend to Fig. 1D . After trichloroacetic acid precipitation, samples were analyzed by SDS/PAGE and fluorography. To rule out that the membranes were contaminated with residual levels of nucleotides, one sample contained stripped rough microsomes that had been pretreated with apyrase (lane 6) as described (14) . g77aaffLuc indicates the glycosylated and translocated product. (B) Ribosome-nascent chain complexes containing 86aapPL either lacking the various nucleotides or supplemented with them, as indicated, were all incubated with 20 nM SRP for 5 min at 26°C prior to addition of puromycin-high-saltstripped rough microsomes and incubation for 5 min at 26°C. Samples were treated with puromycin and processed as in A. 56aaPL indicates the signal cleaved and translocated product.
proteins in our cytosol-depleted conditions. We exploited the fact, known from previous studies with secretory proteins (19) , that guanine nucleotide binding to SRP is necessary for it to be released from the nascent polypeptide, which in turn is a requirement for the subsequent translocation (19) . Thus, as shown in Fig. 2B , in the presence of SRP, translocation of the signal peptide-containing 86aapPL nascent chains required GTP (lanes 2 and 4) or a nonhydrolyzable analog of it (lane 1). In effect, when nucleotides were omitted (lane 3), SRP binding to the nascent chain became a trap that blocked further steps in its translocation (14, 19) . Fig. 2A demonstrates that, on the other hand, translocation of 77aaffLuc nascent chains was not blocked when guanine nucleotides were omitted. Furthermore, addition of GTP with or without ATP or addition of the nonhydrolyzable GTP analogue GMP-PNP did not increase the extent of 77aaffLuc translocation (Fig. 2A, compare lanes  2-4 to lane 1) . Finally, pretreatment of the membranes with apyrase to remove any residual nucleotide did not abolish transport ( Fig. 2A, lane 6) . Thus, although SRP has been shown to be capable of associating with ribosome-nascent chain complexes lacking signal peptides (6), the inability of SRP to "trap" 77aaffLuc complexes in the absence of guanine nucleotides demonstrates both that SRP associated differently with the two types of ribosome-nascent chain complexes and that its function is not necessary for translocation of the mistargeted signalless nascent chains.
The Intrinsic Affinity of Ribosomes for Binding Sites in the ER Membrane Determines the Targeting and Translocation of Signalless Polypeptides. Since after depletion of NAC, chains lacking signals can be translocated in vitro independently of SRP, it seemed likely that targeting under these conditions is mediated directly by the intrinsic affinity of ribosomes for ER membranes. To assess this possibility, a competition assay was performed using as competitors nonprogrammed ribosomes obtained from dog pancreas rough microsomes by puromycin/ high-salt treatment, which also strips them of nascent chains. These were mixed in increasing concentrations with a fixed amount of salt-extracted 77aaffLuc ribosome-nascent chain complexes. All ribosome preparations were found to be free of NAC, as assessed by immunoblotting (data not shown). Because the luciferase nascent chains lack a signal peptide and both GTP and SRP were omitted from these assays, we could focus on the contribution of the ribosome itself to targeting. The nontranslating ribosomes prepared from canine pancreas blocked the transport of the 77aaffLuc nascent chains (Fig. 3,  lanes 1-5) . Rat liver and rabbit reticulocyte ribosomes were also able to compete (data not shown). The unlikely possibilities that the competing ribosomes acted by either merely displacing the truncated nascent chains from the ribosomenascent chain complexes or by releasing the polypeptides from the tRNAs were eliminated by the findings that addition of the competing ribosomes did not affect the number of nascent chains that could be recovered with sedimentable ribosomes (lanes 15-18) or the amount of peptidyl-tRNAs that could be precipitated (7) by the cationic detergent cetyltrimethylammonium bromide (lanes 11-14) . Furthermore, when the nonprogrammed ribosomes were added only after the ribosomenascent chain complexes had been preincubated with the membranes, and hence had been given the opportunity to be targeted to their binding sites and have the nascent chain complexes become engaged with the translocation apparatus, no competition was observed (lane 6). These results indicate that nontranslating ribosomes can block targeting of saltstripped ribosome-nascent chain complexes by competing for ribosome binding sites in the ER membrane and that they do not impair the translocation reaction per se. The competition is specific for ribosomes, as neither 10 ,tM albumin (data not shown) nor a NAC-depleted cytosol (6) (see Fig. 1E ) blocked translocation. Moreover, yeast ribosomes were much less effective than mammalian ribosomes in blocking translocation (Fig. 3, lanes 7-10) .
DISCUSSION
The elucidation of the secretory pathway was initially linked to the observation that a subpopulation of ribosomes is not free 1 3 ,ul of salt-stripped 77aaffLuc ribosome-nascent chain complexes in TBB lacking nucleotides was mixed with unprogrammed dog pancreas ribosomes at the molar ratios indicated below each lane prior to addition of 1 equivalent of KOAc-washed rough microsomes. After 5 min at 26°C, 1 mM puromycin and 0.5 M KOAc were added and the incubation continued at 37°C for 20 min to induce translocation (lanes [1] [2] [3] [4] [5] . In one sample (lane 6), the competing ribosomes were added only after incubation of the ribosome-nascent chain complexes with the KOAc-washed rough microsomes for 5 min at 26°C. Asterisk indicates glycosylated and translocated product. Competing ribosomes do not release the nascent chains from the tRNA or displace the truncated nascent chains from the ribosomes. After components were mixed and incubated for 5 min at 26°C, as in lanes 1-10, but without puromycin, nascent chains present as peptidyl-tRNAs were recovered by precipitation with the cationic detergent cetyltrimethylammonium bromide (CTABr) (lanes [11] [12] [13] [14] . Alternatively, after the incubation, ribosome-associated polypeptide chains were recovered by sedimentation of the ribosomes through high-salt sucrose cushions (lanes [15] [16] [17] [18] in the cytosol but is bound to the ER membrane (20) . After it was demonstrated in vitro that rough microsomal fractions could be disassembled into both ribosomal and membranous subfractions, it was possible to reconstitute the ribosomemembrane junction by binding nontranslating ribosomes to ER-derived membranes (3, 15) that had been stripped of their ribosomes.
The signal hypothesis maintains that information necessary for sorting or targeting ribosomes to the ER membrane is not related to ribosomal components but instead is contained in the particular product being synthesized on each ribosomenamely, in its signal sequence (21, 22) . Positive selection of nascent chains by SRP is clearly critical to explain how proteins containing signal peptides are targeted but does not explain in any demonstrated way how, given the affinity of ribosomes for ER binding sites, the cell could prevent the majority of ribosome binding sites from being occupied by ribosomes synthesizing proteins lacking signal peptides (which in nonsecretory cell types might be a large fraction of the active ribosomes). The NAC protein now can be seen to resolve this dilemma.
The present results make it clear that NAC critically contributes to maintaining fidelity in targeting not only, as shown in earlier work (6) , by preventing inappropriate binding of SRP to signalless polypeptides, but also by preventing the binding of ribosomes bearing those polypeptides to the ER membrane. Thus, NAC and SRP appear to play complementary roles in ensuring the specificity of translocation.
It is significant that NAC can interact with very short chains (<35 amino acids; see ref. 6 ), for this implies that NAC is likely to be one of the first nonribosomal factors that an emerging polypeptide encounters. NAC would therefore be in a position, with respect to both the ribosome and the nascent chain, to prevent inappropriate interactions with the translocon.
The SRP and signal peptide-independent targeting observed in this work, as defined by ribosome binding and resistance to salt extraction, is an efficient process. Although the translocation of the signalless polypeptide was much less efficient than that of pPL, we believe that both are effected by the same cellular machinery and that the lower efficiency of translocation of 77aaffLuc may reflect a requirement for a signal peptide to gate the translocation channel (16, 17) . Thus, we have previously shown (6) that the translocation of the 77aaffLuc that occurs in the absence of NAC cannot be carried out if the membranes were pretreated with N-ethylmaleimide, an agent that is known to block the translocation of secretory polypeptides. We have also been able (unpublished observations) to crosslink, using a photoactivatable reagent, the 77aaffLuc to Sec 61p, a core component of the translocon (10) .
Whereas SRP positively selects for ribosomal targeting by binding to signal peptides as they emerge from the ribosome, NAC by binding only to non-signal peptide regions prevents the targeting that the ribosome otherwise would mediate through its direct interaction with the ER membrane ribosome receptors. It should be noted that we have not yet been able to remove the SRP from the 86aapPL nascent chain complexes and thus to determine whether NAC, by binding to portions of the nascent chain following the signal, would also be able to prevent the binding of such SRP-depleted ribosomes to the ER membrane.
An attractive possibility for the mechanism of action of NAC would be that when bound to a nascent chain, it sterically blocks a ribosomal membrane binding site (M site) located near the nascent chain exit site in the large ribosomal subunit, which interacts directly with a ribosome receptor(s) (23) (24) (25) at the ER membrane (Fig. 4) . Under other circumstances, when a signal peptide is synthesized, SRP rather than NAC binds, halting translational elongation and leading to targeting via interaction with the SRP receptor.
Note Added in Proof. Consistent with the data presented in Fig. 2 showing that SRP interacts differently with signal peptide-containing, as opposed to 
